In this paper, a green synthesized citric acid-crosslinked β-cyclodextrin polymer (CA-β-CD) was applied in removing uranium from aqueous solutions. Citric acid acts not only as cross-linker but also as functional groups for providing adsorption sites. The adsorption properties by varying experimental conditions were carried out by batch tests. The maximum adsorption capacity could reach 150 mg g −1 . Adsorption process was fitted better with the pseudo-second-order and Freundlich model. Thermodynamic studies proved that adsorption process was spontaneous and endothermic. More significantly, the polymer showed high selectivity for uranium and excellent reusability, demonstrating that CA-β-CD can be utilized as a promising adsorbent for uranium.
Introduction
Under the excessive depletion of natural resources, the utilization of renewable energy has attracted extensive attention. Nuclear energy is developing rapidy as a kind of clean energy [1] . Hence, the nuclear industry released large quantities of radioactive wastewater, threatening the human health and global environment [2] . Uranium (U) is the major source for nuclear energy but also a dominant contaminant in the radioactive wastes [2, 3] . Exposure to uranium can lead to muscle cramp, liver damage, health disorders and even death [3] . U(VI), primarily in the form of uranyl-ion (UO 2 2+ ), has high mobility in wastewater [4, 5] . Therefore, for the human health and environment safety, the development of novel materials and techniques is of great significance to remove U(VI) efficiently from aqueous solution [6, 7] .
Adsorption is one of the best methods for the elimination of uranium because of the low cost, high efficiency and simple operation compared to other techniques (e.g., solvent extraction, chemical precipitation, membrane separation, ion exchange) [6] . Therefore, finding an efficient adsorbent toward U(VI) has an urgent and important meaning for wastewater treatment, especially the adsorbent on the basis of natural material which does not cause additional pollution to the environment during the application.
Adsorbent based on β-cyclodextrin (β-CD) has drawn significant attention owing to specific affinity, low costs and simple design. β-cyclodextrin is a natural, cheap and nontoxic cyclic oligosaccharide composed of seven glucopyranosyl units(AGUs) interacting via α-(1 → 4) linkages, derived from enzymatic degradation of starch [8] [9] [10] [11] . It has a hollow truncated cone structure with a hydrophobic cavity at the center and a hydrophilic outer surface [12] . Because of these features, it can form host-guest complexes with nonpolar suitable sized molecules, endowing its great potential in removing pollutants from water [13] .
However, β-CD has high water solubility, limiting its application in pollutant separation from aqueous solutions. Thus, it has to be fixed on an insoluble matrix or crosslinked with cross-linkers. Due to the simple one-pot synthesis method, insoluble cross-linked β-CD polymers has been deeply studied by many researchers [14] [15] [16] [17] [18] [19] [20] [21] . Glutaraldehyde (GLA) and epichlorohydrin (EPI) are used commonly as cross-linkers to gain CD polymers (CDP) adsorbents. But it is reported that GLA and EPI are carcinogenic and toxic to human beings and animals [22] . Recently, citric acid (CA) as cross-linker which is a inexpensive, non-toxic tricarboxylic acid has important research significance. The polycondensation between CA and β-CD can be carried out at about 140 °C in water without adding any organic solvent or harmful additive. The carboxyl groups (-COOH) in CA can not only act as crosslinking agents, but also provide adsorption sites [23] . Some literatures have reported the β-CDP and its application in pollution treatment [23] [24] [25] [26] , but it has never used in radioactive wastewater treatment.
Herein we describe the synthesis of a β-cyclodextrin polymer through a green and simple approach via the esterification-polycondensation reaction of citric acid with β-CD, and its application for removing U(VI). The absorbent was characterized by FTIR, SEM, XRD, TG and EDX. The effects of pH, contact time, initial uranium(VI) concentration, and temperature on uranium adsorption were discussed. In addition, the adsorption kinetics, isotherms and thermodynamics were investigated to determine the adsorption mechanism. Furthermore, the selective experiment and desorption and reusability studies were also conducted. By a series of adsorption tests, CA-β-CD has great potentials in removing U(VI) from aqueous solution.
Experimental

Materials and reagents
β-cyclodextrin, citric acid (CA), potassium dihydrogen phosphate (KH 2 PO 4 ),sodium hydroxide (NaOH), nitric acid (HNO 3 ), arsenazo (III), chloroacetic acid, sodium acetate and uranyl nitrate hexahydrate (UO 2 (NO 3 ) 2 ·6H 2 O) were of analytical grade and purchased from Shanghai Aladdin. Deionized water was obtained in our laboratory.
Synthesis of CA-β-CD
CA-β-CD was obtained by reacting CA with β-CD according to the esterification-polycondensation method using potassium dihydrogen phosphate (KH 2 PO 4 ) as catalyst according to the previous report [23] . CA(3 g), β-CD(6 g), KH 2 PO 4 (1.5 g) and 135 mL of deionized water were mixed in a round bottom flask and stirred in a boiling water bath. The mixture was transferred into a Petri dish and heated in a drying oven (140 °C) for 3.5 h. After cooling, the crude product was purified by soaking and washing with deionized water several times, then suction filtered and dried in vacuum at 50 °C overnight. The synthesis process was summarized in Fig. 1 . Characterization FTIR (Pretige-21, Shimadzu, Japan) was conducted to investigate the surface groups of the samples. The determination of uraniun concentration was identified on UV-spectrotometer (U3900, Hitachi, Japan). The morphology analysis was identified using scanning electron microscopy(JSM-7500F, JEOL, Japan). X-ray diffraction (XRD) analysis was investigated on a Bruker D8 diffractometer(Bruker, Germany) with CuKα ray detection, operated at 40 kV and 40 mA. The measurement range was 5-90° (2θ). Thermogravimetric analysis (TGA) of samples were performed using a thermal analysis system (STA449F3, NETZSCH, Germany) by heating samples from 0 to 500 °C at a rate of 10 °C min −1 under nitrogen atmosphere. Energy dispersive X-ray spectroscopy (EDX) was applied by a Oxford X-Max analyzer.
Batch adsorption experiments
The batch experiments of U(VI) adsorption onto CA-β-CD were conducted by adding adsorbent (2.5 mg) to 10 mL uranium(VI) solutions in a conical flask with initial concentrations ranging from 5 to 80 mg L −1 . The pH value ranges from 2.0 to 7.0 and 0.1 mol/L HNO 3 and NaOH solutions were used to adjust it. Contact time ranges at 10-80 min and temperature varies between 298 and 328 K. The mixture was shaken at 150 rpm at a preset time in a thermostatic shake bath. Then, solid-liquid separation was achieved through a 0.45-μm filter. The residual uranium concentration was determined by UV-spectrophotometer using the arsenazo-III method at 650 nm. Thus, the adsorption capacity could be calculated using the follow equation:
where Q (mg g −1 ) is the adsorption capacity at reaction time t. C O and C e (mg L −1 ) are the initial and final uranium concentrations, respectively. V(L) represents the solution volume and m (g) denotes the adsorbent weight.
Results and discussion
SEM analysis
The morphological characteristics of the synthetized CA-β-CD were analyzed by SEM. Figure 2 shows that the surface of CA-β-CD belongs to blocky structure. Figure 3 exhibits the FT-IR spectra of original β-CD and obtained CA-β-CD. In comparison with β-CD, the new peak at 1743 cm −1 in CA-β-CD was owed to C=O stretching vibration of carboxyl/ester groups. This illustrated that the esterification reaction between the carboxyl groups of CA and the hydroxyl groups of β-CD occurred successfully. The bands of β-CD at around 2930, 1155, 1022 cm −1 , assigning to aliphatic C-H stretches, C-O-C and C-O stretching vibrations, were also appeared in CA-β-CD, indicating that the essential structure of β-CD was maintained. In the spectra of CA-β-CD-U(VI), there was a new band at 856 cm −1 , which might be ascribed to the antisymmetric stretching vibration of O=U=O. Furthermore, the stretching vibration of O-H
FT-IR analysis
shifted from 3446 to 3460 cm −1 , might suggesting the complexation between carboxyl groups and uranyl ion.
XRD analysis
The XRD results are presented in Fig. 4 . There were intense and sharp peaks in their diffractogram, indicating β-CD and CA existed in crystalline state. However, no obvious characteristic peaks were observed in β-CDP(CA-β-CD), suggesting its amorphous structure. It is possible that CA molecules and β-CD molecules could not pack into crystal structure due to the formation of covalent bonds between CA and β-CD.
Thermal analysis
Thermogravimetric analysis curves for CA, β-CD and CA-β-CD are given in Fig. 5 . For CA, this analysis showed evidence of about 2% mass loss below 180 °C, which may be due to the evaporation of the crystal water. But it existed a great weight loss of about 90% at 180-500 °C, attributing to the degradation of the CA. Furthermore, there were three zones in the curve where β-CD lost weight. The first zone with a 14% mass loss at 100 °C could be owed to the evaporation of external water. The second process at 110 °C existed a weight loss of 8%, ascribing to the loss of internal water. Finally, the third process around 310 °C presented a 65% weight loss, which may be corresponded to the degradation of β-CD. However, CA-β-CD had about 10% weight loss below 250 °C due to the evaporation of superficial water. Because of the degradation of itself, the weight of CA-β-CD lossed about 45% at 250-500 °C. Obviously comparing with CA and β-CD, the thermal stability of CA-β-CD is improved with 42% of remaining weight at 500 °C.
EDX analysis
As seen from Fig. 6 , the EDX of CA-β-CD-U(VI) showed the presence of uranium compared with CA-β-CD, indicating that U(VI) had been adsorbed successfully. The presence of P and K in the EDX of CA-β-CD might owe to residual catalyst (KH 2 PO 4 ).
Effect of pH
The pH is a critical factor in the uranium adsorption process that affects speciation of uranium in aqueous solutions. 
Effect of contact time and adsorption kinetics
The effect of the contact time from 0 to 80 min on adsorption performance was studied at pH = 4.0,with initial concentration of 30 mg L −1 , and T = 25 °C. The result was presented in Fig. 8 . During the first 10 min, the adsorption of uranium by CA-β-CD was very fast, might owing to the substantial adsorption sites and high free U(VI) ions in aqueous solutions. As the contact time increased, unoccupied adsorption sites decreased continuously. The adsorption rate slowed down until equilibrium within 60 min.
To analyze kinetic characteristics of U(VI) onto CA-β-CD, two different kinetic models were used to fit the experimental data. The two models are defined as Eqs. (2) and (3) respectively [6] .
The pseudo-first-order model is shown as Eq. (2):
The pseudo-second-order model is displayed as Eq. (3):
where Q e and Q t represent the amounts of U(VI) adsorbed at the equilibrium (mg g −1 ) and time t (min), respectively; K 1 and K 2 are the sorption rate constants of pseudo-firstorder (min −1 ) and pseudo-second-order (g mg −1 min −1 ), respectively. The fitting curves are presented in Fig. 9 and the relative parameters are summarized in Table 1 . Comparing with the pseudo-first-order model(R 2 = 0.95385), the pseudo-secondorder model has higher correlation coefficient(R 2 = 0.99756). Meanwhile, the theoretical calculated Q e (97.09 mg g −1 ) using the pseudo-second-order model is very close to the experimental value Q e (exp)(92.3 mg g −1 ), suggesting that the experiment data fits better with the pseudo-second-order model. The results imply that U(VI) adsorption on CA-β-CD might be regarded as chemiadsorption [27] .
Effect of initial uranium concentration and adsorption isotherms
The adsorption isotherms of CA-β-CD to uranium were evaluated at different initial concentrations (5-80 mg L −1 ), under the condition of pH = 4.0, reaction time of 60 min and T = 25 °C. As seen from Fig. 10 , it was clear that the adsorption capacity of CA-β-CD rose successively with increasing concentration from 5 to 40 mg L −1 . This phenomenon may be explained by the fact that the CA-β-CD has sufficient adsorption sites at low uranium concentration. Then the adsorption amount further increased slowly and reached equilibrium at 60 mg L −1 . It is likely that due to the constant adsorbent mass, the adsorption active sites decrease and tend to be saturated as the concentration increased.
To understand the adsorption behavior of the adsorbents, the adsorption data were studied by Langmuir and Freundlich isotherm models. The Langmuir isotherm is often applied to a homogeneous adsorption surface [6] . The Langmuir isotherm model is expressed as Eq. (4): where Q e is the adsorption amount at equilibrium (mg g −1 ), Q m represents the maximum sorption capacity of the sorbent (mg g −1 ), C e is the equilibrium U(VI) concentration (mg L −1 ) and K L denotes the Langmuir constant associated with the adsorption energy (L mg −1 ).
The Freundlich model [3] , which is based on the sorption on a heterogeneous surface, is defined by Eq. (5): Fig. 9 Pseudo-first-order a and pseudo-second-order model b of U(VI) adsorption for CA-β-CD where K F [(mg g −1 )/mg L −1 ) 1/n ] and n are the Freundlich constants, which represent the adsorption quantity and adsorption intensity, respectively, Q e and C e denote the equilibrium adsorption capacity and equilibrium concentration. Figure 11a , b exhibit the two linear fitted models. The corresponding constants are listed in Table 2 . Results showed that comparing with Langmuir model(R 2 = 0.98643), the Freundlich model is more suitable with higher correlation coefficient ( R 2 ) of 0.99623. Meanwhile the value of n = 1.93 between 1 and 10 reveals that the uranium adsorption was a favorable adsorption process [28, 29] .
Effect of temperature and adsorption thermodynamics
The effect of temperature plays an key role in U(VI) adsorption. Here, we studied the adsorption of U(VI) on the CA-β-CD in the temperature rang of 25 °C-55 °C with pH = 4.0, the reaction time of 60 min and initial As seen from the Fig. 12 , the adsorption capacity of U(VI) increased gradually as temperature increased, which indicated that higher temperature might be more beneficial for effective adsorption of U(VI). When the temperature reached 55 °C, the adsorption could reached a maximum of 150 mg g −1 . It is probably that the molecular movement gets faster with increasing temperature, accelerating the adsorption of uranium.
To confirm the adsorption nature, the thermodynamics were discussed. The thermodynamic parameters, ΔH o (standard enthalpy), ΔS o (standard entropy) and ΔG o (standard free energy),were calculated using Eqs. (6) and (7) [3]:
where K d represents the distribution coefficient. R is the gas constant (8.314 J mol −1 K −1 ), and T denotes the thermodynamic Kelvin temperature (K). The plot of ln K d versus 1/T gives a linear relationship with R 2 = 0.98632 for uranium( Fig. 13 ). As displayed in Table 3 , the positive ΔH o value (8.91 kJ mol −1 ) implied the adsorption was endothermic. The ΔS O (100.20 J mol −1 K −1 ) value was positive, confirming the enhanced randomness during the adsorption process [30] [31] [32] . Meanwhile, the negative ΔG o values suggested the spontaneity of adsorption. The ΔG o decreased as temperature increased, showing that the reaction became more favourable at higher temperature.
Effect of competitive ions
Nuclear industrial wastewater usually contains many metal ions, such as Mg 2+ , Zn 2+ , Co 2+ , Ni 2+ , Mn 2+ etc. The selectivity is of great significance to the practical application. The result is displayed in Fig. 14. We can see that the presence of the above competing ions does not influence the adsorption capacity of U(VI) on CA-β-CD obviously. Thus, the absorbent had a certain selectivity for U(VI). 
Desorption and reusability
To make the practical application economical, the reusability of adsorbent is worth considering. In order to assess the reusability of CA-β-CD, desorption experiments were conducted with different desorption agents(H 2 O, NaOH, HCl, NaHCO 3 , HNO 3 ). As illustrated in Fig. 15 , 0.1 M HNO 3 is the optimal desorption agent with a relatively higher desorption efficienvy. Then for evaluating the adsorption behaviour of CA-β-CD, five adsorption-desorption cycles were carried out. It can be observed that the desorption efficiency still maintains about 80% after five cycles in Fig. 16 , sugguesting that the adsorbent could be used repeatedly in the adsorption of U(VI) from aqueous solutions.
Conclusions
In conclusion, the β-cyclodextrin polymer crosslinked with citric acid were successfully synthesized by environmental friendly method, and FTIR, SEM, XRD, TG and EDX were used to characterize the polymer. It was used to adsorb uranium. The maximum adsorption capacity could reach 150 mg g −1 under optimal conditions. The pseudo-secondorder and Freundlich isothermal model were more suitable to describe the adsorption behaviour. The thermodynamic studies implied that the adsorption had spontaneous and endothermic nature. Moreover, the adsorbent had high selectivity for uranium and excellent reusability after five sorption-desorption cycles, demonstrating that CA-β-CD could serve as a promising material for uranium-contaminated wastewater treatment.
